N anostructured materials with high aspect ratios such as nanorods, nanowires, and nanoline patterns often exhibit anisotropic electronic and optical properties that differ from those observed in the bulk materials. These unique materials can be used to create many interesting devices, including sensitive chemical and biochemical sensors. 1À7 We have recently analyzed the optical diffraction at 633 nm from gold nanowire arrays on glass substrates that were created using the electrochemical fabrication methodology of "lithographically patterned nanowire electrodeposition" (LPNE) developed by Penner et al. 8À10 The gold nanowires in these arrays are spaced by approximately 5À10 μm and have widths and heights that can be varied independently from 15 to 500 nm. The optical diffraction from these nanowire arrays at visible wavelengths can span up to 60 diffraction orders and always present a unique diffraction pattern with separate oscillating intensities for the even and odd-order diffraction order intensities that is directly related to the array spacing structure.
N anostructured materials with high aspect ratios such as nanorods, nanowires, and nanoline patterns often exhibit anisotropic electronic and optical properties that differ from those observed in the bulk materials. These unique materials can be used to create many interesting devices, including sensitive chemical and biochemical sensors. 1À7 We have recently analyzed the optical diffraction at 633 nm from gold nanowire arrays on glass substrates that were created using the electrochemical fabrication methodology of "lithographically patterned nanowire electrodeposition" (LPNE) developed by Penner et al. 8À10 The gold nanowires in these arrays are spaced by approximately 5À10 μm and have widths and heights that can be varied independently from 15 to 500 nm. The optical diffraction from these nanowire arrays at visible wavelengths can span up to 60 diffraction orders and always present a unique diffraction pattern with separate oscillating intensities for the even and odd-order diffraction order intensities that is directly related to the array spacing structure. 11 In this Letter, we show that these LPNE gold nanowire arrays can support a transverse localized surface plasmon resonance (LSPR), whose resonant wavelength depends on the width and height of the nanowires. 12À15 Transverse LSPRs have been previously observed on nanowire arrays: for example, Schider et al. have reported an LSPR in the UVÀvis absorption spectrum of nanowire arrays created with e-beam lithography. 12 Through the combination of polarized UVÀvis absorption spectroscopy, scanning electron microscopy (SEM), and optical diffraction measurements, we show here that LPNE gold nanowire arrays also exhibit a transverse LSPR absorption band at optical wavelengths and that the optical diffraction from the nanowire arrays is enhanced when the laser wavelength coincides with the maximum wavelength for the LSPR absorption. We denote diffraction at this resonant wavelength as "surface plasmonenhanced optical diffraction." As a first demonstration of the utility of these optical diffraction measurements, we use the plasmon-enhanced optical diffraction signal to monitor in situ the electrochemical deposition of silver monolayers onto the gold nanowire arrays.
A series of LPNE gold nanowire arrays were created on BK7 glass substrates for the UVÀvis and diffraction measurements. The LPNE fabrication process was implemented as previously described, starting with a master grating pattern of 7.5 μm spacing to create nanowire arrays of the dimensions shown schematically in Figure 1a . The length (L) of the nanowires was ∼1 cm and the height (h) of nanowires in these arrays was fixed at 30 nm by the thickness of the vapor-deposited sacrificial nickel thin film. The average width (w) of the nanowires was the same for all nanowires in a given array and was varied from 45 to 140 nm by controlling the gold electrodeposition time. The widths and spacings of the nanowire arrays were all measured with SEM; an example of a SEM nanowire width measurement is also shown in Figure 1 . The average spacing between the nanowires for all samples was ∼7.5 μm, but as shown in the Figure, the exact spacing in the LPNE nanowire arrays was an alternating pattern of D þ Δ and D À Δ where the asymmetry parameter Δ was a function of the etching time and nanowire width 11 and varied from sample to sample in the range of 70 to 200 nm.
Polarized UVÀvisible absorption spectra were obtained from this series of LPNE gold nanowire arrays; representative absorption spectra are shown in Figure 1b for four different arrays with nanowire widths of 58, 75, 108, and 140 nm. As seen in the ABSTRACT: Arrays of gold nanowires formed by the process of lithographically patterned nanowire electrodeposition (LPNE) were characterized by a combination of SEM, polarized UVÀvisible absorption spectroscopy, and optical diffraction measurements. A transverse localized surface plasmon resonance (LSPR) was observed for gold nanowire arrays with an absorption maximum (λ max ) that varied with nanowire width. Transmission optical diffraction measurements were measured with the even and odd diffraction orders creating an alternating, out-of-phase sinusoidal intensity pattern characteristic of the LPNE nanowire arrays. The intensities of the even diffraction order maxima were the strongest for nanowires with a width of 115 ( 10 nm; nanowires of this width exhibit a λ max of 635 ( 10 nm, verifying that the transverse LSPR has enhanced the optical diffraction signal. Real-time total internal reflection diffraction intensity measurements were used to monitor in situ the electrodeposition of silver monolayers onto the gold nanowire arrays.
SECTION: Nanoparticles and Nanostructures
Figure, an absorption band was observed for all of the nanowire arrays with an absorption maximum (λ max ) and overall intensity that increased with nanowire width. This absorption band was only observed when the incident light was polarized perpendicular 
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LETTER to the long axes of the nanowires; we attribute this absorption to a nanowire transverse LSPR. Figure 1c plots λ max as a function of nanowire width, which increases monotonically from w = 45 to 140 nm. The systematic increase in λ max with increased width has been previously observed for both gold nanowires 12 and gold nanorods. 16, 17 In conjunction with the absorption spectra, optical diffraction data were obtained from these nanowire arrays at 543, 633, and 814 nm using the transmission geometry depicted schematically in Figure 2a . A typical LPNE nanowire array diffraction intensity pattern is shown in Figure 2b for a nanowire array with nanowires of width w = 75 nm. The array had an alternating wire spacing with D = 7.5 μm and an asymmetry Δ = 130 nm. The diffraction orders are labeled by their order number m as determined from the grating equation. (See Figure 2a. ) 11 The even-order modes in the diffraction pattern are labeled with the solid red circles, and the odd-order modes are labeled with the open blue circles. As previously observed, the intensities of the diffraction orders from the LPNE nanowire array show a pronounced alternating intensity pattern of two out-of-phase sinusoidal patterns for the evenand odd-order diffraction modes due to the alternating nanowire spacing in the array (D ( Δ).
11 The even and the odd intensity maxima patterns can be fit with w, D, and Δ using a simple FT convolution theory developed in our previous paper.
11 Figure 2c shows the relative diffraction intensity for this grating at the three different wavelengths. The maximum relative intensity of the even and odd orders was found to be most similar at 543 nm, decreasing monotonically at longer wavelengths. We attribute this decrease to the amount of mismatch between the diffraction wavelength and the asymmetry parameter Δ. Figure 3 shows the relative intensities of only the even diffraction orders plotted versus order number obtained from transmission geometry diffraction experiments from the four nanowire arrays used for Figure 1b (w = 58, 75, 108, 140 nm) . The even-order relative intensity patterns were each fit with a four-parameter polynomial regression (the solid lines in the Figure) ; the maximum relative intensities of these fits all occur between orders 4 and 6. These maxima are plotted in the inset of the Figure 3 as a function of nanowire thickness. The four points in the inset were fit with a parabolic curve (the solid line) that has a maximum at a nanowire width of 115 ( 10 nm, which is approximately six times the intensity of the diffraction from 58 nm nanowires. If we refer back to Figure 1c , then we see that this nanowire width corresponds to nanowire arrays with a transverse LSPR absorption maximum of 635 ( 10 nm, exactly coincident with the 633 nm laser wavelength. We therefore conclude that the optical diffraction from these nanowire arrays is enhanced by the presence of the transverse LSPR, and we denote this effect as "surface plasmon-enhanced optical diffraction". A number of research groups have previously observed surface plasmon-enhanced optical diffraction from gold gratings with micrometer widths and also from gratings decorated with gold nanoparticles. 18À31 The enhancement of diffraction intensity for a given nanowire width/wavelength combination observed for the LPNE nanowire arrays is directly related to the transverse LSPR of the nanowires; this resonance can be easily tuned to a different wavelength by varying the nanowire width in the LPNE process.
As a first demonstration of the utility of these optical diffraction measurements, changes in the diffraction intensity from LPNE gold nanowire arrays were used to monitor in real time the electrodeposition of silver onto the nanowires. Silver, of course, is an excellent plasmonic material, and coating the gold nanowires with a thin film of silver should increase the diffraction efficiency of the nanowire array. The nanowire array electrodes (for these experiments, nanowire arrays were created with dimensions h = 50 nm, w = 80 nm, D = 7.50 μm, Δ = 70 nm) were attached to an SF10 substrate (and an SF10 prism via index-matching fluid) to create a total internal reflection (TIR) geometry for the optical diffraction measurements. The nanowire array was also in contact with an aqueous solution and served as the working electrode in a three-electrode potentiostatic electrochemical cell; the combined optical-electrochemical cell used in these measurements is shown in Figure 4a .
Real-time in situ optical diffraction data (signal from a photodiode positioned on order number m = 2) and electrochemical data (cyclic voltammograms, CVs) were obtained simultaneously from the gold nanowire arrays. Figure 4b ,c plots, respectively, the CV and the diffraction intensity signal observed during the electrodeposition of silver onto the gold nanowire arrays. The electrode potential was first swept cathodically from 0.9 to 0.3 V versus Ag/AgCl and then back anodically from 0.9 to 0.3 V. The cathodic current shown in Figure 4b that starts at ∼0.4 V during the cathodic scan is due to the electrodeposition of silver onto the gold nanowires. This electrodeposition is observed throughout the rest of the cathodic scan and then continues during the anodic scan until the electrode potential again reaches 0.4 V. An integration of the cathodic current resulted in an electrodeposited charge corresponding to approximately six Ag monolayers. The diffraction intensity obtained simultaneously with the CV is plotted in Figure 4c ; the diffraction signal increased at all potentials below 0.4 V during the electrodeposition of silver, on both the cathodic sweep (black line) and the anodic sweep (red line). The increase in the nanowire diffraction signal due to the electrodeposition of silver is attributed to the excellent plasmonic properties of the metal. Specifically, silver thin films support surface plasmon polaritons at optical wavelengths; in fact, the optical properties of the silver are slightly better than The inset plots the maximum relative diffraction intensity for these four arrays as a function of nanowire width. The solid curve is a quadratic fit to the data, which predicts that the largest maximum relative diffraction intensity should occur for nanowires with a width w = 115 nm.
The Journal of Physical Chemistry Letters LETTER those of gold at 633 nm (n Ag = 0.1346 þ 3.988i and n Au = 0.1726 þ 3.4218i).
32 These superior optical properties lead to sharper SPR resonances and longer surface plasmon propagation wavelengths for silver versus gold thin films at 633 nm. At potentials above 0.4 V on the anodic scan, the diffraction signal decreased as the silver was removed from the surface. At the end of the anodic scan, the diffraction signal returned to its original value, showing the reversible nature of this nanowire electrodeposition process. It is evident from the diffraction signals observed in this experiment that the surface plasmon-enhanced optical diffraction signal has submonolayer sensitivity for the detection of silver atoms on the gold surface.
In summary, in this Letter, we have characterized the surface plasmon-enhanced diffraction from LPNE gold nanowire arrays at optical wavelengths due to the presence of a transverse LSPR absorption in the gold nanowires. At 633 nm, maximum diffraction intensity patterns were obtained with gold nanowires of 115 nm in width; we found that this width also was the nanowire width required to create a λ max at 635 nm in the transverse LSPR absorption spectrum. Additional measurements demonstrated that these diffraction intensities are very sensitive to changes such as silver electrodeposition onto the gold nanowire arrays. The LPNE process is a very convenient method for creating metal nanowire arrays of variable height and width over large areas (square centimeters), and we expect that the optical diffraction methods employed here will be a very convenient method of monitoring various nanowire surface adsorption processes. Future experiments will focus on the detection of molecular adsorption processes onto the LPNE gold nanowire arrays with optical diffraction measurements at various wavelengths for sensor applications.
' EXPERIMENTAL METHODS
Grating Fabrication and SEM Measurements. Gold nanowire arrays were fabricated on 18 mm Â 18 mm BK7 and SF10 glass substrates (Schott Glass) using the LPNE technique described previously. 11 Arrays of ∼1500 nanowires were fabricated with an average internanowire spacing of D = 7.5 μm. The exact spacing between nanowires was in an alternating pattern D þ Δ: D À Δ: D þ Δ: D À Δ, where the asymmetry parameter Δ depended on both the etching time and nanowire width. 11 The height (h) of the gold nanowires was determined by the initial Ni thin film deposition and was 30 nm for the BK7 substrates used in the transmission diffraction experiments and 50 nm for the SF10 substrates used in the diffraction measurements in the in situ TIR electrochemical cell. The width (w) of the nanowires was varied from sample to sample from 45 to 130 nm. Exact values of D, Δ, and w were obtained from SEM images taken on a FEI/Philips XL-30 FEG at 10 keV. Prior to imaging, the nanowire array samples were sputter-coated with a 1 to 2 nm of gold Au to minimize charging effects. The Journal of Physical Chemistry Letters LETTER Polarized UVÀvis Absorption Measurements. Polarized UVÀvi-sible optical absorption measurements (400 to 900 nm) were obtained on a Hewlett-Packard 8453 UVÀvisible diode array spectrophotometer. Nanowires with width from 45 to 140 nm and a height of 30 nm on BK7 glass substrates were used in the absorption measurements. The polarization of the exciting light was set with a Glan-Thompson polarizer (Newport) to be perpendicular to the long axis of the nanowires.
Optical Diffraction Measurements. Optical diffraction data on Au nanowire arrays were obtained from the LPNE gold nanowire arrays using a 543 nm HeNe laser (Research Electro-Optics, model 30968), a 633 nm HeNe laser (JDS Uniphase, Model 1125p), or an 814 nm diode laser (Melles Griot, model 8902). All of the lasers were chopped at a frequency of 1.0 kHz (EG&G model 650/651). A combination of a Glan-Thompson polarizer (Newport) and a λ/2 plate (Special Optics) was used to vary the laser power from 1 to 10 mW. Diffraction intensity signal was measured with a Si photodiode detector (Hamamatsu) connected to a DSP lock-in amplifier (EG&G model 7220).
Electrochemistry. Electrochemical measurements were obtained with a three electrode potentiostat (Autolab Model PGSTAT12). The gold nanowires with w = 80 nm, h = 50 nm, and L = 5 mm (active area) were used as working electrode. The electrode potential was referenced to a Ag/AgCl (saturated NaCl) electrode, and a Pt wire was used as counter electrode. Ag was electrodeposited on and stripped from gold nanowires using a 20 μM Ag 2 SO 4 þ 0.1 M H 2 SO 4 aqueous solution by cycling potential between 0.9 and 0.3 V. The area of gold electrode was calculated from the charge of reduction peak after surface oxidation of the gold nanowires in 0.1 M H 2 SO 4 aqueous solution, and the charge density due to Ag deposition on gold nanowires was calculated by integration of the cathodic current during Ag þ reduction.
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